tridge is innervated by a complete set of R1-R6 neurons from six different ommatidia (i.e., an R1 from one ommasynaptic contacts with only a subset of neurons within the target field. Such precision has been described in tidium, an R2 from another, and so on). By superimposing multiple inputs from the same point in visual space the vertebrate retina for many neuron subtypes and is a hallmark of the central nervous system in C. elegans upon a single synaptic unit, the signal-to-noise ratio of the response to a signal in the visual field is enhanced (reviewed in Masland and Raviola, 2000; White et al., 1986).
(Laughlin et al., 1987). This phenomenon is called neural Considerable progress has been made in identifying superposition. molecular mechanisms regulating connection specificThe R1-R6 projection pattern develops in two tempoity (Tessier-Lavigne and Goodman, 1996). While largerally distinct stages. During the third larval stage, R cells scale patterns of connections have been studied extenextend axons into the brain, where they terminate besively at the molecular level, mechanisms that underlie tween two layers of glia, forming the lamina plexus synaptic specificity at the level of single identified cells (Perez and Steller, 1996) . These glia act as intermediate are poorly understood. Indeed, relatively few patterns targets for R1-R6 neurons (Poeck et al., in preparation). of connections, particularly in vertebrates, have been R cell axons induce the differentiation and organization described at this high level of resolution. Molecular analof lamina target neurons and glia (reviewed in Salecker ysis has been frustrated by the lack of robust genetic et al., 1998). At this stage of development, R cell axons screens and biochemical assays for the identification from the same ommatidium form a single fascicle. A column of lamina neurons forms above the lamina plexus, in tight association with a single R cell axon ‡ To whom correspondence should be addressed (e-mail: zipursky@ hhmi.ucla.edu).
fascicle. By the sequential addition of ommatidial bun- dles and their associated columns of lamina neurons, a topographic map that reflects R cell visual response and reconstructs visual space in the first layer of the optic precise retinotopic map forms in which fascicles from neighboring ommatidia terminate adjacent to each ganglion. R cell projections from a single ommatidium display other. As lamina neurons differentiate, they send axons along the surface of R cell axons through the plexus two prominent features (Meinertzhagen and Hanson, 1993) . First, each R cell axon terminates in an invariant and fasciculate with R7 and R8 as they project into the medulla. Although lamina neurons are in close associaposition relative to the other axons from the same ommatidial fascicle ( Figures 1E and 1F) . Second, the projection with R cell axons at this early stage, no synaptic contacts are formed. tion is oriented with respect to the dorsoventral midline of the eye (i.e., the equator), with the R3 axon extending In the second phase of development, ‫03ف‬ hr after reaching the lamina plexus, R cell axons defasciculate toward the equator ( Figures 1E and 1F) ; as a result, the projection patterns on opposite sides of the dorsovenfrom each ommatidial bundle and project across the surface of the lamina to their synaptic partners, making tral midline of the eye are mirror images. Using mutations that eliminate specific subsets of R cells or alter ommathe pattern of connections characteristic of neural superposition. Growth of R cell axons toward their targets tidial polarity, we test whether R cell synaptic specificity requires interactions among neighboring afferent axons occurs approximately simultaneously in all ommatidial bundles and is presaged by an invariant sequence of or reflects independent navigation of each axon to its target. We demonstrate that interactions between specontacts between R cell growth cones (Meinertzhagen and Hanson, 1993) . This reorganization of terminals concific R cells are required for target selection and propose that the precise composition of R cell axons within a verts a strictly anatomical retinotopic map that reflects neighbor relationships between ommatidia into a new fascicle plays a critical role in target specificity. Hours denote time after puparium formation; eclosion to adult occurs at 100 hr. Individual growth cones at the periphery of the projection are color coded as in Figure 1C . Magnification as in Figure 1C . 
Results
unique experimental system in which synaptic partner choices made by identified neurons can be directly assessed.
R1-R6 Axons from Single Ommatidia Can Be Visualized by Anterograde Labeling
Serial electron microscopic reconstruction studies revealed that, during pupal development, individual R cell Neural superposition was first noted 90 years ago and the R1-R6 connection pattern in the lamina was first axons leave their original bundle and migrate outward, in the precise direction of their final targets ( , 1996) . In these cases, targeting of the remaining R cell axons was not scored. In the six seven-up mutant ommatidia with more than two R cell projections in the lamina, the precise transformation observed cannot be determined. d In five seven-up ommatidia, the orientation of the projections with respect to the equator was not scored. In all three of the R cell transformation mutants examined, R cell axons migrated outward of the appropriate length, but the targets they chose were misoriented with respect to the equator (data not from the bundle. In particular, 4 R cell fibers in the lamina of 14/15 phyllopod mutant animals (missing R1, R6, and shown). Therefore, R3 and R4 do not require R1, R6, and R7 to target correctly, while in some cases R2 and R7) and 20/24 lozenge sprite mutants (missing R3 and R4) defasciculated from the bundle and projected to local R5 are affected by their loss. These effects are not caused by the loss of R7; a sevenless mutation that targets (Table 1, , 1996) . In this mutant, the Lozenge gene product is ectopically expressed in R3 and R4. In such mutant sivity of cell fate transformations in these mutants (Table  1, lines 2-4) . In each case, axons projected to lamina animals, ‫%37ف‬ of ommatidia have both R3 and R4 transformed into R7 cells; in most of the remaining ommatidia targets in the local environment of the fascicle terminus. We conclude that each R cell subtype is programmed (20% of the total), only R4 is transformed; the remaining ommatidia are missing one R cell (Daga et al., 1996). As to initiate a search for targets in a local region of the lamina target, independent of interactions between the reduction in the number of R cells projecting to specific cartridges roughly corresponds to the fraction other R cell subtypes. In the following sections, we assess whether interactions between specific R1-R6 cells of R3 and R4 cells transformed into R7, we presume that transformation was complete in ommatidia where regulate target specificity. R3 and R4 Targeting Is Independent four fibers were observed in the lamina. In cases in which five R cell axons were observed, we inferred that of R1 and R6 In phyllopod mutants, R1, R6, and R7 are transformed R4 but not R3 was transformed into R7. In 20/24 lozenge sprite ommatidia injected, we observed four R cell into nonneuronal cone cells (Chang et al., 1995; Dickson  et al., 1995) . The remaining R cells made normal projecprojections in the lamina, with R1, R2, R5, and R6 all (E-H) Arrowheads mark individual R cell termini as viewed looking from the retina onto the surface of the lamina. The variations in axonal morphology, including the number and extent of filopodia, seen in these panels reflects small differences in developmental stage (and not the particular transformation mutant used). For instance, the sample shown in (H) is from a slightly older animal. As the projection of R2 across the lamina surface is shorter than that of the other R cells (including R5), its axon is frequently obscured by the fibers lying above it (e.g., E and Figures 4B and 4D) . Only ommatidia in which all R cells were DiI labeled (as assessed in the retina) were scored. Axon identities were assigned based on projection length and relative position in wild type, phyllopod, and seven-up. The highly irregular arrangement of projections seen in lozenge spr precludes discrimination between R1, R2, R5, and R6 axons and their orientation. In seven-up (H), the projections correspond to the R2/R5 pair. As their orientation is altered, it is not possible to assign a unique identity to either axon. These results demonstrate that defasciculation of R cell axons from the ommatidial bundle does not require a normal R cell complement, while interactions between R cells are required to select the correct pattern of targets.
making projections of appropriate length, while trans-
The defects in R cell projections seen in seven-up and lozenge sprite animals were not due to effects on the formed R3 and R4 cells projected through the lamina into the medulla (Figures 3C and 3G; Table 1, line 3) . In differentiation of neurons in the target region as assessed using multiple markers (data not shown); lamina the remaining 4/24 cases, five projections were seen in the lamina, one of which was a long projection characneuron differentiation was not assessed in phyllopod. teristic of R3 (Table 1, 
line 3). In completely transformed
The defects seen in lozenge sprite and seven-up were also lozenge sprite ommatidia, the relative positions of the tarnot due to extra R7 cells; a gain-of-function mutation in gets chosen by R1, R2, R5, and R6 were frequently the Raf gene recruits extra R7 cells to each ommatidium highly aberrant (Figures 3C and 3G cones in the lamina, independent of any environmental (Figures 3D and 3H; Table 1, line 4) . The targets chosen cues. To assess the role of ommatidial polarity on proby the presumptive R2 and R5 were invariably misorijection specificity, projections from misoriented ommaented with respect to the equator (Figures 3D and 3H; tidia were assessed. 12/12 cases scored; Table 1 Figure  5E ] in spiny legs). We also observed rare, abnormal proare also mirror image symmetric about the equator but are rotated 180Њ with respect to the retina (Figures 4A, jections of single R cell axons in both of these mutant backgrounds, irrespective of ommatidial orientation (2/ 4B, and 5A). That is, while the R3 cell body is oriented toward the pole in each ommatidium, its axon projects 29 spiny legs ommatidia; 3/31 frizzled ommatidia). Therefore, the orientation of R cell projections along the toward the equator in the lamina. This rotation is generated by a twist in the axon fascicle that occurs between dorsoventral axis of the lamina is largely determined by the orientation of ommatidia in the retina. the retina and the lamina.
To test the effects of large changes in ommatidial Three exceptional cases, in which misoriented ommatidia projected axons toward the equator, were oborientation, two mutations, spiny legs (in homozygous animals) and frizzled (in somatic mosaic animals in which served. Thus, a cue in the lamina may reinforce the ommatidial orientation cue to ensure the correct direca mutant eye projects to a wild-type target), were examined. In these mutants, ommatidia frequently adopt orition of outgrowth along the dorsoventral axis. To test whether such a cue contributes to directionality of R entations that are 180Њ rotated; that is, the R3 cell body is frequently oriented toward the equator in the eye cell projections, we examined a mutation that causes a more moderate defect in ommatidial orientation. In nemo mutant animals, ommatidia are misoriented up to 45Њ (Choi and Benzer, 1994). If ommatidial orientation In these two mutant backgrounds, the orientation of projections from ommatidia that were correctly oriented directly determines the directionality of R cell projections, they would be misoriented 45Њ with respect to the was normal (21/21 cases [ Figure 5B ] in frizzled; 15/15 cases [ Figure 5D ] in spiny legs). Therefore, neither gene equator; the angle between ommatidial orientation and the axon projection pattern would remain 180Њ. However, is required for R cell axons to respond to orienting cues in the target. However, almost 90% of the ommatidia while ommatidial orientation was disrupted in nemo, R cell projections were normal with respect to the equator that were ‫081ف‬Њ misoriented in the eye made projections that were also 180Њ misoriented in the lamina (9/10 cases (n ϭ 17; Figures 4E, 4F, and 5F ). This observation sug- Figure 1C , is consistent with a very precise rotation of the ommatidial bundle. In frizzled and spiny legs, the angle between the two vectors is almost always clustered around 180Њ, demonstrating that the orientation of the ommatidium determines whether the projection is directed toward the equator or the pole. This observation also implies that the 180Њ rotation of the axon bundle occurs regardless of whether the ommatidium is normally oriented or flipped. We also observed three exceptional cases (thin black arrows) in which ommatidia that were misoriented projected their axons correctly, suggesting that there may be a weak cue in the target that can reorient projections with respect to the equator. In nemo, the angle between the ommatidial vector and the projection vector is reduced by an amount consistent with the known effect of nemo on ommatidial orientation. That is, ommatidial orientation is up to 45Њ displaced and the angle between the projection vector and the ommatidial vector is correspondingly reduced (Figure 5F ). Ommatidial and R cell projection orientation were determined as described in the legend to Figure 4. gests that in addition to ommatidial polarity, a cue in cones. R3 and R4 are required for the remaining R cell axons to choose their normal targets. R1 and R6 are the lamina can influence R cell projection orientation. required for R2 and R5 projections but are not required for the projections of R3 and R4. These interactions Discussion could occur between growth cones from the same or neighboring ommatidial bundles. The characteristic R cell growth cones make specific choices between alternate synaptic partners within a small region of the morphological changes of these growth cones revealed through electron microscopic reconstruction studies are target field. This specificity could, in principle, be generated either by guidance cues in the target or interactions consistent with the notion that precise spatial relationships between specific growth cones within the lamina between afferents or both. In this paper we provide evidence that interactions between R cell afferents play plexus are required for these critical interactions to occur (Meinertzhagen and Hanson, 1993 ). This sequence a crucial role in target specification. We propose that the spatial relationships between axons within a fascicle of interactions determines the relative positions of targets chosen by R cell axons from the same ommatidium. influence synaptic specificity. R cell transformation mutants could disrupt these interactions in two ways. First, transformation of specific Afferent Growth Cone Interactions Specify Target Selection R cells could directly disrupt the instructive signals between R cell growth cones within the plexus that deWe hypothesize that the interactions between R cell subtypes that are required for target specificity are metermine growth cone trajectories. Alternatively, these mutations could affect the interactions indirectly, by disdiated by direct contacts between specific growth within a fascicle, as well as the dorsoventral orientation of the fascicle itself, be "read out" in the lamina. In this Here, the differential requirements for particular R cell subtypes would reflect their specific roles in directing view, the relative positions of axons within the fascicle allows the specific interactions between growth cones the spatial relationships between growth cones within the fascicle, rather than interactions between specific that control synaptic specificity to "self-organize" the pattern of targets. Since axons from both correctly origrowth cones in the target region.
ented and misoriented ommatidia choose targets arranged in a normal pattern, these interactions between Ommatidial Polarity Determines growth cones must occur independent of orientation Projection Orientation along the dorsoventral axis. In this model, fascicle orienOmmatidial polarity is defined by the relative positions tation determines whether the pattern of targets chosen of R cells within an ommatidium. Each R cell occupies an is oriented either dorsally or ventrally but does not deterinvariant position; R1-R6 cells within each ommatidium mine the relative positions of the targets within the patcreate a pattern that is mirror-image symmetric about tern. This approach of "encoding" the spatial arrangethe dorsoventral midline of the eye. The observation that ment of sensory neuron cell bodies within an axon ommatidial polarity determines projection orientation fascicle followed by "reading out" the preserved orientarequires that the spatial relationships between R cell tion cues within the target may provide a general mechabodies be maintained in ommatidial axon fascicles. Innism to generate highly precise patterns of connections. deed, a striking feature of Drosophila visual system connectivity is the perfect conservation of spatial relationships between R cell axons, both within each bundle A Cue in the Target Can Influence R Cell Projection Orientation and with respect to the dorsoventral axis of the eye (Figure 6; Meinertzhagen and Hanson, 1993) . We hyProjection specificity in the lamina is not solely controlled by interactions between R cell axons. The obserpothesize that the developmental mechanisms that de-vation that the R cell projections are correctly oriented sis of synaptic specificity. While the DiI method facilitates the analysis of R1-R6 specificity on a scale in nemo mutant animals provides evidence that a cue(s) in the target can reorient R cell axons. Such a cue need sufficient to analyze many mutants, it is too laborious to accommodate large-scale screening. Hence, a genetic only orient a subset of R cell axons, likely R3 and R4; these axons could then organize the remaining R1-R6 screen based on visual behavior driven specifically by R1-R6 is required to extend these studies to the molecuprojections. This cue could be a weak signal that directs R3 and R4 axon outgrowth toward the equator. Alternalar level. A wealth of visual behaviors have been described in Drosophila, one of which, the optomoter retively, this cue could simply confine the outgrowth of R3 and R4 to the dorsoventral axis, without determining sponse, is mediated by these cells (Heisenberg and Buchner, 1975 
